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SUMMARY 

F l i g h t  tests wi th  t h e  Transport  Systems Research Vehicle (TSRV) b e i n g  737 a i r -  
p l ane  have shown t h a t  advanced forms of guidance presented  on e l e c t r o n i c  f l i g h t  d i s -  
p l ays  may r e s u l t  i n  improved l a t e ra l  and v e r t i c a l  t r a c k i n g  dur ing  t h e  approach t o  
landing. 
the p o s i t i o n  estimate computed from i n p u t s  from r a d i o  naviga t ion  s i g n a l s  i n  t h e  TSRV 
area naviga t ion  system. A comparison w a s  made of t h e  accuracy of two p o s i t i o n  es t i -  
mation a lgor i thms,  each  us ing  a combination of ins t rument  landing  system ( I L S )  l o c a l -  
i z e r  and d i s t a n c e  measuring equipment (DME) r a d i o  s i g n a l s  from a n  a r b i t r a r i l y  loca t ed  
DME f a c i l i t y  t o  compute new estimates. 
wi th  t w o  independent e r r o r  components, one from DME and t h e  o t h e r  from ILS l o c a l i z e r  
s i g n a l s .  The o t h e r  a lgor i thm computes a p o s i t i o n  estimate wi th  a s i n g l e  e r r o r  com- 
ponent,  which is  found by geometr ica l ly  combining t h e  ou tpu t  of both DME and ILS 
l o c a l i z e r  s i g n a l s .  

A c r i t i c a l  e lement  i n  producing t h e  advanced guidance i s  t h e  accuracy of 

One a lgor i thm computes a p o s i t i o n  estimate 

Both s imula t ion  tes ts  and f l i g h t  tests us ing  a r ada r  t r a c k e r  t o  determine f l i g h t  
pa th  accuracy showed t h a t  an  a r t i f i c i a l l y  induced p o s i t i o n  estimate e r r o r  w a s  reduced 
f a s t e r  wi th  t h e  single-component s o l u t i o n  than  wi th  t h e  dual-component so lu t ion .  
F a s t e r  t i m e  cons t an t  g a i n s  w e r e  used i n  t h e  p o s i t i o n  estimate f i l t e r  f o r  bo th  a lgo-  
rithms t o  reduce p o s i t i o n  e r r o r s  f a s t e r .  A NASA t e s t  p i l o t  repor ted  t h a t  f l i g h t  
guidance based on t h e  p o s i t i o n  estimate w a s  smooth f o r  a l l  a lgor i thm conf igu ra t ions  
and f i l t e r  t i m e  c o n s t a n t s  t e s t ed .  

A b i a s  e r r o r  w a s  noted i n  t h e  l o n g i t u d i n a l  a x i s  ( r e l a t i v e  t o  t h e  runway). This 
e r r o r  w a s  caused by a bias  e r r o r  w i th in  t h e  DME i n d i c a t i o n .  However, t h e  bias  e r r o r  
w a s  w e l l  w i th in  t h e  t o l e r a n c e s  s p e c i f i e d  f o r  t h e  e n  r o u t e  DME systems used du r ing  
t h e s e  tests. The r e s u l t i n g  e r r o r  may r e q u i r e  t h e  use  of  p r e c i s i o n  DME f o r  guidance 
du r ing  t h e  approach t o  landing  segments of f l i g h t .  

INTRODUCTION 

F l i g h t  tests wi th  t h e  Transpor t  Systems Research Vehicle (TSRV) Boeing 737 air-  
p lane  flown i n  t h e  microwave landing  system (MLS) environment have shown t h a t  t h e  
TSRV area naviga t ion  system can provide s i t u a t i o n  and guidance information,  i n  t h e  
form of a cathode r ay  tube  (CRT)  map d i s p l a y  and a computer-drawn pe r spec t ive  runway 
symbol on t h e  primary f l i g h t  d i s p l a y  ( f i g .  l ) ,  which r e s u l t s  i n  improved p i l o t  l a t -  
e ra l  and v e r t i c a l  t r a c k i n g  du r ing  t h e  landing  approach ( r e f s .  1 and 2) .  A c r i t i c a l  
element  i n  producing t h i s  advanced guidance w a s  t h e  a c c u r a t e  estimate of a i r p l a n e  
p o s i t i o n  computed from t h e  MLS s i g n a l s  by t h e  naviga t ion  system. However, MLS i s  n o t  
y e t  commonly a v a i l a b l e  a t  most a i r p o r t s ;  t hus  o t h e r  forms of r a d i o  naviga t ion  a i d s  
w i l l  be r equ i r ed  t o  determine a i r p l a n e  p o s i t i o n  i f  an  ea r l i e r  implementation of t h e s e  
advanced d i s p l a y  concepts  i s  des i red .  

The ins t rument  landing  system (ILS) i s  a p r e c i s i o n  r a d i o  naviga t ion  a i d  a v a i l -  
able a t  many a i r p o r t s .  However, t h e  ILS provides  l a t e ra l  informat ion  i n  t h e  h o r i -  
z o n t a l  p l ane  i n  t h e  form of angular  d e v i a t i o n  r e l a t i v e  t o  t h e  runway c e n t e r l i n e .  
This information must be combined wi th  range informat ion  t o  completely d e f i n e  a i r -  
p l ane  h o r i z o n t a l  p o s i t i o n  r e l a t i v e  t o  t h e  runway. An i n i t i a l  a t t e m p t  w a s  made t o  
compute the p o s i t i o n  estimate wi th  an  a lgo r i thm t h a t  determined two independent 



p o s i t i o n  d i f f e r e n c e  compon.ents, one from ILS l o c a l i z e r  s i g n a l s  and t h e  o t h e r  from DME 
s i g n a l s .  
DME-based component w a s  on a l i n e  between t h e  a i r p l a n e  and t h e  DME ground s t a t i o n .  
These components w e r e  used as i n p u t s  t o  t h e  p o s i t i o n  estimate f i l t e r  i n  t h e  area 
nav iga t ion  system. Although t h e  des ign  used i n  t h i s  f i r s t  a lgor i thm r e s u l t e d  i n  a 
more a c c u r a t e  p o s i t i o n  estimate than  w a s  normally ob ta ined  wi th  t h e  dual-DME p o s i t i o n  
estimate mode ( ref .  3 ) ,  it d i d  n o t  provide  s u f f i c i e n t  accuracy  fo r  t h e  p i lo t s  t o  u s e  
t h e  advanced d i s p l a y  symbology f o r  primary guidance du r ing  a n  approach t o  landing .  

The ILS-based component w a s  pe rpend icu la r  t o  t h e  runway c e n t e r l i n e  and t h e  

To improve t h e  accuracy of t h e  p o s i t i o n  estimate, a second a lgor i thm ( o r i g i n a l l y  
documented i n  ref. 4 )  w a s  designed for  t h e  TSRV 737 a i r p l a n e  nav iga t ion  system. This 
algorithm used both  ILS and DME informat ion  t o  compute a s i n g l e  p o s i t i o n  d i f f e r e n c e  
component f o r  t h e  p o s i t i o n  estimate f i l t e r .  The l o c a t i o n s  o f  t h e  ILS l o c a l i z e r  and 
DME antennas were s t o r e d  i n  t h e  nav iga t ion  data base and az imutha l  in format ion  f r o m  
t h e  ILS l o c a l i z e r  w a s  geomet r i ca l ly  combined wi th  d i s t a n c e  informat ion  from a n  arbi-  
t r a r i l y  1oc.Ited DME s t a t i o n  t o  c a l c u l a t e  pos i t i on .  The o u t p u t  of t h i s  geometr ic  
c a l c u l a t i o n  w a s  used as a n  i n p u t  t o  t h e  p o s i t i o n  estimate f i l t e r  t o  produce a 
smoothed estimate on which d i s p l a y  guidance could be based. 

Simulat ion tests w e r e  conducted t o  a d j u s t  t h e  f i l t e r  t i m e  cons t an t s  so t h a t  
large p o s i t i o n  estimate errors occur r ing  d u r i n g  e n  r o u t e  f l i g h t  would be n u l l e d  
q u i c k l y  whi le  main ta in ing  a smooth d i s p l a y  of guidance t o  t h e  p i l o t  dur ing  t r a n s i t i o n  
i n t o  t h e  ILS environment. F l i g h t  tests w e r e  conducted w i t h  t h e  TSRV 737 a i r p l a n e  i n  
a ground-based r a d a r  t r a c k i n g  environment t o  document t h e  d i f f e r e n c e  between t h e  
a c t u a l  p o s i t i o n  of t h e  a i r p l a n e  ( r a d a r  def ined)  and t h e  area naviga t ion  system posi- 
t i o n  estimate. The purposes  of  t h i s  r e p o r t  a re  t o  document t h e  equa t ions  and l o g i c  
used  t o  gene ra t e  t h e  p o s i t i o n  estimate wi th  t h e  ILS and DME informat ion  and t o  d i s -  
cuss  t h e  r e s u l t s  of t h e s e  s imula t ion  and f l i g h t  tests.  

SYMBOLS 

A 

a 

b 

Dt 

D '  
t 
* 
DP 

DP 
P 

DPP 

F 

ha 

h~~~ 

d i s t a n c e  between t h e  DME and ILS l o c a l i z e r  antenna,  n.mi. 

east  component of A,  n.mi. 

no r th  component of A,  n.mi. 

d i s t a n c e  from DME t o  a i r p l a n e  co r rec t ed  for  s l a n t  range, n.mi. 

s l a n t  range d i s t a n c e  from DME t o  a i r p l a n e ,  n.mi. 

p o s i t i o n  d i f f e r e n c e  vec to r  

component of p o s i t i o n  d i f f e r e n c e  vec to r  DP pe rpend icu la r  t o  t h e  runway 
-+ 

c e n t e r l i n e  
--+ 

magnitude of vec tor  DP n.mi. 

e l l i p t i  c i  t y  cons t a n  t , 0.003 36 7 

P' 

a l t i t u d e  of a i r p l a n e  above mean sea l e v e l ,  f t  

a l t i t u d e  of  DME antenna above mean sea level,  f t  
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h0 
n n  

i, j 

K1 

K2 

K3 

L 

M 

N , E  

P 

'E 

rM 

rN 
n 

U 

'N , 'E 

'N#'E 

n n  

XI , Y '  

XI , Y '  
e e  

e 

'e 

+ 
Z 

a l t i t u d e  of ILS l o c a l i z e r  antenna above mean sea l e v e l ,  f t  

u n i t  coo rd ina te  v e c t o r s  

p o s i t i o n  estimate f i l t e r  g a i n  

v e l o c i t y  estimate f i l t e r  ga in ,  hr- '  

v e l o c i t y  estimate f i l t e r  g a i n  

o u t e r  r a d i a l  l i m i t  of ILS l o c a l i z e r  geometric check, n.mi. 

i n n e r  r a d i a l  l i m i t  of I L S  l o c a l i z e r  geometric check, n.mi. 

axes  of or thogonal  coord ina te  system o r i e n t e d  t o w a r d  t r u e  n o r t h  

angle  formed by t h e  vec to r  Z and a l i n e  between t h e  a i r p l a n e  and DME 
+ 

m antenna,  deg 

r a d i u s  of Earth,  f t  

meridional  r a d i u s  of cu rva tu re ,  n.mi. 

normal r a d i u s  of cu rva tu re ,  n.mi. 

u n i t  vec to r  pe rpend icu la r  t o  runway c e n t e r l i n e  

no r th ,  east components of nav iga t ion  system v e l o c i t y  estimate, 
kno t s  

no r th ,  eas t  components of i n e r t i a l  ground speed, kno t s  

axes of or thogonal  coord ina te  system o r i e n t e d  a long  t h e  runway c e n t e r l i n e  

+ 
transformed i n t o  t h e  XI , Y' coord ina te  'e coord ina te s  of vec to r  

v e c t o r  of e s t ima ted  a i r p l a n e  p o s i t i o n  from ILS l o c a l i z e r  antenna 

magnitude of Ze, n.mi. 
+ 

system 

+ 
nor th ,  eas t  components of Ze, n.mi. 'e, N' 'e, E 

'm 
+ 

v e c t o r  of measured p o s i t i o n  of a i r p l a n e  from t h e  ILS l o c a l i z e r  antenna 

'm 
+ 

magnitude of Z n.mi. m' 
+ 

'm, N 'm , E n o r t h ,  east  components of p o s i t i o n  vec to r  Zm, n.mi. 

vec to r  of e s t ima ted  a i r p l a n e  p o s i t i o n  measured r a d i a l l y  a long ILS d e v i a t i o n  r B 
ang le  

+ 
magnitude of p o s i t i o n  v e c t o r  Z n.mi. 

'r r' 

'r,N' ',,E n o r t h ,  east components of p o s i t i o n  v e c t o r  Zr,  n.mi. 
+ 
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a ang le  formed a t  ILS l o c a l i z e r  antenna by DME antenna and measured a i r p l a n e  
p o s i t i o n  , deg t 

P a n g l e  P l i m i t  a t  which DME i n p u t s  w i l l  be i n h i b i t e d ,  deg 

UN,UE 

A t  computer i t e r a t i o n  cyc le ,  sec 

nor th ,  east  components of p o s i t i o n  estimate d i f - fe rence ,  n.mi. 

AV ,AVE 

A' , Ah l a t i  tude , longi tude  update  terms , deg 

nor th ,  east components of system v e l o c i t y  update, knots  
N 

v l o c a l i z e r  d e v i a t i o n  ang le  r e l a t i v e  t o  t h e  runway c e n t e r l i n e ,  deg 

c1 r e l a t i v e  angle  between t h e  DME and t h e  ILS l o c a l i z e r  antenna, deg 

l a t i t u d e ,  longi tude  of DME antenna loca t ion ,  deg 

l a t i t u d e ,  longi tude  of e s t ima ted  a i r p l a n e  p o s i t i o n ,  deg 

l a t i t u d e ,  longi tude  of I L S  l o c a l i z e r  antenna,  deg 

ang le  of runway c e n t e r l i n e  (oppos i t e  t o  d i r e c t i o n  of landing)  r e l a t i v e  t o  

'e 'e 

'0' l o  

'r 
4 

t r u e  nor th ,  deg 

sz v e r t i c a l  angu la r  l i m i t  of I L S  l o c a l i z e r  geometr ic  check , deg 

w lateral  angu la r  l i m i t  of ILS l o c a l i z e r  geometr ic  check, deg 

Subscr ip ts :  

t a t  t i m e  t 

t- 1 a t  i t e r a t i o n  t i m e  p rev ious  t o  t i m e  t 

Abbreviations:  

ACY A t l a n t i c  C i t y  DME naviga t ion  r a d i o  f a c i l i t y  

CRT cathode r a y  tube  

DME d i s t a n c e  measuring equipnent  

I D D  naviga t ion  p o s i t i o n  estimate mode: i n e r t i a l  v e l o c i t y  and d u a l  DME 

I L D  naviga t ion  p o s i t i o n  estimate mode: i n e r t i a l  v e l o c i t y ,  ILS l o c a l i z e r ,  
and DME 

ILS ins t rument  landing  system 

I LX naviga t ion  p o s i t i o n  estimate mode: i n e r t i a l  v e l o c i t y  and ILS l o c a l i z e r  

I N S  i n e r t i a l  naviga t ion  system 
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MSL microwave landing  system 

NCU nav iga t ion  computer u n i t  

rms r o o t  mean square  

TS RV Transpor t  Systems Research Vehicle  

VCN Cedar Lake DME nav iga t ion  f a c i l i t y  

VOR very-high-frequency omnidirect ional-range nav iga t ion  r a d i o  

DESCRIPTION OF NAVIGATION P O S I T I O N  ESTIMATE 

Genera 1 Descr ip t ion  

The TSRV nav iga t ion  computer w a s  programmed t o  compute a n  e s t ima te  of a i r p l a n e  
p o s i t i o n  and v e l o c i t y  based on combining d a t a  from an i n e r t i a l  naviga t ion  system 
(INS) and va r ious  r a d i o  nav iga t ion  systems. Information from t h e  a i rbo rne  c e n t r a l  
a i r  d a t a  computer and t h e  magnetic d i r e c t i o n  system is a l s o  a v a i l a b l e  i n  t h e  even t  
t h a t  INS informat ion  i s  unavai lab le .  

S igna l s  from t h e  r a d i o  naviga t ion  systems a r e  combined t o  determine a i r p l a n e  
p o s i t i o n .  However, because of s i g n a l  no i se  and var ious  e r r o r s  i n h e r e n t  w i th in  t h e  
r a d i o  naviga t ion  systems, t h i s  d e f i n i t i o n  of a i r p l a n e  p o s i t i o n  must be combined with 
i n e r t i a l  v e l o c i t y  informat ion  from t h e  INS i n  a p o s i t i o n  e s t i m a t e  f i l t e r  t o  produce a 
smoothed e s t ima t ion  of a i r p l a n e  pos i t i on .  '&is es t ima te  of p o s i t i o n  i s  computed a t  
20 Hz and i s  used as a b a s i s  f o r  naviga t ion ,  guidance, and d i s p l a y  computations.  

Various p o s i t i o n  estimate modes may be used, depending upon a v a i l a b i l i t y  of t h e  
r a d i o  naviga t ion  s i g n a l s .  P o s i t i o n  e s t i m a t e s  normally a r e  c a l c u l a t e d  with i n p u t s  
from two d i f f e r e n t  DME f a c i l i t i e s  f o r  f l i g h t s  away from t h e  t e rmina l  a rea .  This 
p o s i t i o n  e s t i m a t e  mode is  i d e n t i f i e d  by t h e  l e t t e r s  I D D  ( i n e r t i a l  v e l o c i t y ,  DME, DME) 
s h w n  on t h e  e l e c t r o n i c  map d i s p l a y  i n  f r o n t  of each p i l o t .  While t h e  a i r c r a f t  i s  
ope ra t ing  i n  t h e  t e rmina l  a r e a  and wi th in  s i g n a l  coverage of a n  ins t rument  landing  
system (ILS),  t h e  p o s i t i o n  e s t i m a t e  w i l l  be computed e i t h e r  with both ILS l o c a l i z e r  
and DME r a d i o  s i g n a l s  ( I L D )  o r ,  i f  DME i s  n o t  a v a i l a b l e ,  wi th  l o c a l i z e r  s i g n a l s  on ly  
( I L X )  . 

In  t h e  TSRV nav iga t ion  system, t h e  r a d i o  s i g n a l s  are used t o  compute a p o s i t i o n  
d i f f e r e n c e  t e r m  t o  be used i n  t h e  p o s i t i o n  e s t i m a t e  process .  
t e r m  i s  de f ined  as t h e  vec to r  between t h e  las t  previous ly  e s t ima ted  p o s i t i o n  and t h e  
p o s i t i o n  de f ined  by t h e  r a d i o  nav iga t ion  information.  
is d iv ided  i n t o  n o r t h  and 'east components, which are used as i n p u t s  i n  t h e  p o s i t i o n  
estimate f i l t e r .  
appendix A. 

The p o s i t i o n  d i f f e r e n c e  

The p o s i t i o n  d i f f e r e n c e  v e c t o r  

The equa t ions  used i n  t h e  p o s i t i o n  estimate f i l t e r  are g iven  i n  

ILS-DME ( I L D )  P o s i t i o n  Estimate: Dual Component 

The des ign  of the f i r s t  ILS p o s i t i o n  estimate a lgor i thm involved simply s u b s t i -  
t u t i n g  an  ILS l o c a l i z e r  i n p u t  f o r  one of t h e  DME i n p u t s  i n  t h e  convent iona l  dual-DME 
p o s i t i o n  estimate a lgor i thm.  T h i s  r e s u l t e d  i n  t w o  independent p o s i t i o n  d i f f e r e n c e  
components. The equa t ions  f o r  t h e  d i f f e r e n c e  component computed wi th  l o c a l i z e r  

5 



i n fo rma t ion  are a l s o  used i n  t h e  I L X  mode and are d e s c r i b e d  i n  appendix B. The equa- 
t i o n s  f o r  t h e  d i f f e r e n c e  component computed wi th  t h e  DME s i g n a l  are desc r ibed  i n  
r e f e r e n c e  3. Each of t h e s e  d i f f e r e n c e  terms i s  re so lved  i n t o  n o r t h  and east  compo- 
nen t s ,  summed, and then  used as i n p u t  i n  t h e  p o s i t i o n  estimate process .  

ILS-DME ( ILD)  P o s i t i o n  Estimate: S i n g l e  Component 

General solut ion.-  Figure 2 shows t h e  geometry of t h e  ILS l o c a l i z e r  antenna,  t h e  
DME antenna, t h e  a i r p l a n e  e s t ima ted  p o s i t i o n ,  t h e  a i r p l a n e  p o s i t i o n  measured wi th  
l o c a l i z e r  and DME information,  and t h e  runway wi th  an  extended c e n t e r l i n e .  An 
or thogonal  coord ina te  system, with i t s  o r i g i n  p l aced  on t h e  l o c a l i z e r  antenna, is  
o r i e n t e d  with r e s p e c t  t o  t r u e  north.  Since t h e  DME could be s e l e c t e d  e i t h e r  manually 
o r  au tomat i ca l ly ,  t h e  p o s i t i o n  d i f f e r e n c e  equa t ions  w e r e  de r ived  so t h a t  t h e  DME w a s  
n o t  r equ i r ed  t o  be c o l l o c a t e d  wi th  t h e  ILS l o c a l i z e r  antenna. 

By determining t h e  r e l a t i v e  geometry between t h e  ILS l o c a l i z e r  antenna, t h e  DME 
antenna,  and t h e  pos$tion of t h e  a i r p l a n e  measured wi th  both l o c a l i z e r  and DME i n f o r -  
mation, t h e  vec to r  Z between t h e  o r i g i n  and t h e  measured p o s i t i o n  of t h e  

a i r p l a n e  w a s  found. The vec to r  

and long i tudes  of t h e  o r i g i n  and t h e  p rev ious ly  e s t ima ted  p o s i t i o n  of t h e  a i r p l a n e .  

The p o s i t i o n  d i f f e r e n c e  w a s  t hen  found by s u b t r a c t i n g  Z from Z and 

d i v i d i n g  i n t o  t h e  n o r t h  and east components A P  and APE,t. 

m,  t 
+ 

w a s  found d i r e c t l y  from t h e  known l a t i t u d e s  'e, t -1  

+ + 
m, t e, t - 1  

N, t 
+ + 

Calcu la t ion  of a i r p l a n e  p o s i t i o n  vec to r  Z .- Figure 2 shows t h a t  Z i s  
m, t m, t 

one s i d e  of t h e  t r i a n g l e  formed by t h e  o r i g i n  (ILS l o c a l i z e r  an tenna ) ,  t h e  measured 
p o s i t i o n  of t h e  a i r p l a n e ,  and t h e  DME antenna. Known q u a n t i t i e s  used t o  determine 

z i n  t h i s  t r i a n g l e  i n c l u d e  t h e  a n g l e  of t h e  runway c e n t e r l i n e  J.lr ( oppos i t e  t o  

t h e  d i r e c t i o n  of l a n d i n g ) ,  t h e  s l a n t  range 
l o c a l i z e r  d e v i a t i o n  a n g l e  qt 
t h e  ILS l o c a l i z e r  s i g n a l s ,  t h e  l o c a t i o n  ( l a t i t u d e  and l o n g i t u d e )  
DME antenna, and t h e  l o c a t i o n  

+ 
m, t 

I 

Dt measured from t h e  DME s i g n a l s ,  t h e  
r e l a t i v e  t o  t h e  runway c e n t e r l i n e  and measured from 

$O,Ao 
$DME,?CDME of t h e  

of t h e  ILS l o c a l i z e r  antenna. 

Figure 3 shows t h e  angular  geometry and d i s t a n c e  A between t h e  o r i g i n  and t h e  
DME antenna. The l e n g t h  A and t h e  ang le  p between t h e  DME antenna and t h e  n o r t h  
a x i s  remained c o n s t a n t  f o r  a p a r t i c u l a r  DME and w e r e  c a l c u l a t e d  only once. If a 
d i f f e r e n t  DME s t a t i o n  w a s  tuned, t h e  A and p w e r e  r e c a l c u l a t e d .  The l e n g t h  o f  
A w a s  determined by v e c t o r i a l l y  summing i t s  components a and b: 

n.mi. 
@o + @DME 

2 
a = 60(hDME - A 1 cos  

0 

b = 6O(ODME - 0,) n.mi. 
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n.mi. 2 2 
A = J a  + b  

The ang le  p w a s  found by 

p = tan-’(:) (0 < p < 2n) 

+ 
may vary continuously and ‘m t The ang le  a formed by s i d e  A and v e c t o r  t w a s  c a l c u l a t e d  20 t i m e s  per second. It ranged betweeh 0 and nI i n c l u s i v e ,  and w a s  

found by 

I f  t h i s  c a l c u l a t e d  va lue  of a w a s  g r e a t e r  t han  nI t hen  t 

1 me value of t h e  DME reading Dt measured i n  t h e  a i r p l a n e  w a s  t h e  s l a n t  range 
d i s t a n c e  between t h e  ground-based DME antenna and t h e  a i r p l a n e .  This d i s t a n c e  w a s  
c o r r e c t e d  t o  determine t h e  ground d i s t a n c e  shown i n  f i g u r e  3 between t h e  a i r -  
p l ane  and DME: 

Dt  

+ 
Angle Pt formed by t h e  vec to r  Z and s ide Dt could vary continuously and 

w a s  c a l c u l a t e d  20 t i m e s  per second. !?‘r%ntthe r e l a t i o n  

D 

s i n  a n.mi. t - - A 
s i n  P t t 

ang le  Pt w a s  determined by 

Pt = sin-’(: s i n  a$ 

A comparison of t h e  s q u a r e  of s i d e  A with+the sum of t h e  squa re  of s i d e  Dt and 
t h e  square of t h e  magnitude of t h e  v e c t o r  w a s  used t o  determine whether ‘e, t -1  
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a n g l e  Pt yas ob tuse  or acute .  (The a i r p l a n e  p o s i t i o n  vector e s t ima ted  on t h e  l a s t  
i t e r a t i o n  ( Z  ) w a s  used as a n  approximation f o r  ZmIt . )  Hence, e, t-1 

(A2 < Dt2 + Z e, t - 1  

-+ 
w a s  'e I t-1 The magnitude of t h e  e s t ima ted  a i r p l a n e  p o s i t i o n  vec to r  

n. m i .  
2 - 

'e , t-1 - L(Ze,N,t- l  + ('e,E,t-l 

i n  which 

- @o) n.mi. = 60( 'e , t - 1  Z 
e,N,t-1 

-+ 
The magnitude of Z w a s  t hen  found as  fo l lows:  

m , t  

n. m i .  t = A COS a + D COS P t t Z 
m , t  

9 

- rlt The no r th  and eas t  component9 of Z w e r e  c a l c u l a t e d  from t h e  ang le  9 
between t h e  n o r t h  a x i s  and m , t  r 

ZmPt: 

Z = Z cos(Qr - qt)  n.mi. 
m r N ,  t m, t 

Z = Z s i n ( + r  - 11,) n.mi. 
m , E , t  m , t  

"N, t t A p E ,  t'- Ca lcu la t ion  of p o s i t i o n  d i f f e r e n c e  i n  n o r t h  and eas t  components 
~~~~ - 

The p o s i t i o n  d i f f e r e n c e  i n  n o r t h  and east  components w a s  t hen  found by s u b t r a c t i n g  
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+ + 
'e, t - 1  m,  t 

from t h e  n o r t h  component of z and s u b t r a c t i n g  t h e  n o r t h  component of 

+ -+ 
'm, t: from t h e  eas t  component of 'e, t-1 t h e  eas t  component of 

AP = Z - z  n.mi 
E, t m, E, t e,E,t-1 

These p o s i t i o n  d i f f e r e n c e  components w e r e  t hen  used d i r e c t l y  i n  t h e  nav iga t ion  posi- 
t i o n  estimate a lgo r i thms  p rev ious ly  descr ibed .  

ILS Local izer-Airplane P o s i t i o n  V a l i d i t y  Check 

Since random DME s e l e c t i o n ,  au tomat ic  f requency tuning ,  and o t h e r  means of au to -  
m a t i c  sof tware  c o n t r o l  w e r e  u t i l i z e d  i n  t h e  naviga t ion  computer, a check had t o  be 
made t o  ensu re  t h a t  t h e  nav iga t ion  computer w a s  u s i n g  t h e  appropriate nav iga t ion  d a t a  
for  t h e  area i n  which t h e  a i r p l a n e  w a s  f l y ing .  Obviously, i f  improper naviga t ion  
d a t a  w e r e  be ing  u t i l i z e d ,  p o s i t i o n  estimates based on those  d a t a  would be i n a c c u r a t e  
and should n o t  be used. 

To prec lude  t h e  u s e  of t h e  wrong ILS l o c a l i z e r  nav iga t ion  d a t a ,  a geometr ic  
check w a s  made t o  de termine  whether t h e  es t imated  p o s i t i o n  of  t h e  a i r p l a n e  w a s  w i t h i n  
t h e  l o c a l i z e r  boundaries .  If t h e  a i r p l a n e  was n o t  w i t h i n  t h e s e  boundaries ,  then  ILS 
updat ing  w a s  i n h i b i t e d .  These boundaries  inc luded  l a t e ra l  and rad ia l  l i m i t s  of  
coverage, as shown i n  f i g u r e  4. The l a t e ra l  l i m i t  of t h e  l o c a l i z e r  ang le  of coverage 
i s  +W f r o m  t h e  runway c e n t e r l i n e .  Radia l  l i m i t s  r equ i r ed  t h a t  t h e  a i r p l a n e  be 
wi th in  d i s t a n c e  L of t h e  l o c a l i z e r  antenna,  b u t  n o t  closer than  d i s t a n c e  M. A 
v e r t i c a l  ang le  of  coverage l i m i t  62 w a s  measured from t h e  l o c a l i z e r  antenna. 

A new or thogonal  coord ina te  system, wi th  i t s  o r i g i n  l o c a t e d  a t  t h e  ILS loca l izer  
antenna and i t s  XI-axis on t h e  runway c e n t e r l i n e ,  w a s  used t o  make t h e  g$ometric 
check. The n o r t h  and eas t  components of t h e  e s t ima ted  p o s i t i o n  vec to r  w e r e  
t ransformed i n t o  t h e  new X ' , Y '  coo rd ina te  system as fol lows:  'e,t-l 

X'  = z cos J ,  + z s i n  (I, n.mi. 
e, t e , N ,  t -1  r e, E, t - 1  r 

Y' = z s i n  (I, - Z cos (I, n.mi. e, t e , N ,  t - 1  r e , E ,  t-1 r 

The la teral  azimuth check w a s  t hen  
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The r a d i a l  check w a s  

X' 
M < < L n.mi. 

t c o s  q 

and t h e  v e r t i c a l  check w a s  

< h + XI t a n  62 
0 e, t 

h 
a , t  

For t h e s e  tests, t h e  I L S  l o c a l i z e r  azimuth coverage l i m i t s  w e r e  

Lateral, w, deg .............................................. 2 0  

Vertical, 8, deg ............................................. 10 

Inner  r a d i a l ,  M ,  n.mi. .................................... 0.165 

Outer r a d i a l ,  L, n.mi. ....................................... 10  

A geometric check of t h e  l o c a t i o n  of t h e  DME ground s t a t i o n  r e l a t i v e  t o  t h e  
a i r p l a n e  and t h e  runway c e n t e r l i n e  i s  performed cont inuously t o  p reven t  t h e  p o s s i b i l -  
i t y  of l a r g e  p o s i t i o n  estimate e r r o r s  caused by t h e  DME i n p u t s  ( f i g .  5). As t h e  
ang le  
approaches 90°, s m a l l  e r r o r s  from t h e  DME range information can r e s u l t  i n  s i g n i f i -  
c a n t l y  l a r g e r  r a d i a l  p o s i t i o n  e r r o r s  a l o n g  t h e  l o c a l i z e r  d e v i a t i o n  ang le  on which t h e  
a i r p l a n e  i s  located.  Hence, i f  ang le  Pt f a l l s  w i t h i n  a p r e s c r i b e d  angu la r  boundary 
$ about  
I L X  updat ing w i l l  occur. This geometric check i s  de f ined  as follows. I f  

Pt formed by t h e  l o c a l i z e r  antenna, a i r p l a n e ,  and DME ground s t a t i o n  

Pt = 90° ,  t h e  DME s i g n a l s  w i l l  n o t  be used and a new DME w i l l  he tuned o r  

t hen  do n o t  u se  DME information. For t h e  s imula t ion  and f l i g h t  tests documented i n  
t h i s  r e p o r t ,  i3 = 71/4 or 45'. 

DESCRIPTION OF SIMULATION, AIRBORNE F L I G H T  SYSTEMS, 
AND GROUND-BASED RADAR 

TSRV 7 3 7  Simulation 

The TSRV 737 s imula t ion  c o n s i s t s  Of a f ixed-base c o c k p i t  i d e n t i c a l  t o  t h e  
r e sea rch  f l i g h t  deck i n  t h e  TSRV a i r p l a n e  and a s o p h i s t i c a t e d ,  six-degree-of-freedom 
d i g i t a l  r e p r e s e n t a t i o n  of t h e  airplane and i t s  exper imenta l  systems. Nonlinear 
e f f e c t s  such as engine response,  varying s t a b i l i t y  f u n c t i o n s ,  and c o n t r o l  s e r v o  
models, as w e l l  as modeling of t h e  navigat ion,  guidance, and d i s p l a y  subsystems, are  
used t o  r e p r e s e n t  t h e  r e sea rch  a i r p l a n e  with a high degree of realism. 
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Airborne F l i g h t  Systems 

Airplane.- The NASA tes t  a i r p l a n e  i s  t h e  Boeing 737-100 tw in - j e t  t r a n s p o r t  a i r -  
p l ane  s h a m  i n  f i g u r e  6. The TSRV a i r p l a n e  i s  used as a r e sea rch  v e h i c l e  and has  a 
complete se t  of experimental  nav iga t ion ,  guidance, f l i g h t  c o n t r o l ,  and d i s p l a y  s y s -  
t e m s  i n  a separate r e sea rch  c o c k p i t  l o c a t e d  i n  t h e  c a b i n  of t h e  a i r p l a n e .  All t h e  
normal f l i g h t  systems (e.g., f l i g h t  c o n t r o l ,  navigat ion,  p r e s s u r i z a t i o n )  have been 
r e t a i n e d  i n  t h e  convent ional  c o c k p i t  i n  a normal, f u n c t i o n a l  s ta te .  This arrangement 
a l lows changes t o  be made t o  any of t h e  experimental  systems while  r e t a i n i n g  t h e  
s t anda rd  o p e r a t i o n a l  f e a t u r e s  of t h e  a i r p l a n e .  

Experimental systems.- The experimental  r e sea rch  f l i g h t  systems c o n s i s t  of a 
t r i p l e x  d i g i t a l  f l i g h t  c o n t r o l  computer system, an e l e c t r o n i c  CRT d i s p l a y  system, and 
a d i g i t a l  nav iga t ion  and guidance system i n t e g r a t e d  i n t o  a s e p a r a t e ,  two-man-crew, 
r e sea rch  cockp i t  ( r e f .  3). The nav iga t ion  and guidance c a l c u l a t i o n s  are performed i n  
a s i n g l e  d i g i t a l  nav iga t ion  computer. Various nav iga t ion  s e n s o r  s i g n a l s  ( inc lud ing  
i n e r t i a l  nav iga t ion  system v e l o c i t i e s  and a c c e l e r a t i o n s ,  t r u e  a i r speed ,  magnetic 
heading, and VOR, ILS, and DME r a d i o  s i g n a l s )  are used i n  t h e  nav iga t ion  computer. 
This  computer estimates t h e  a i r p l a n e  p o s i t i o n  based on combinations of t h e  senso r  
inpu t s .  Horizontal  p a t h ,  v e r t i c a l  p a t h ,  and t h r u s t  guidance and commands based on 
t h e  e s t ima ted  p o s i t i o n ,  e s t ima ted  v e l o c i t y ,  and p a t h  t r a c k i n g  e r r o r s  of t h e  a i r p l a n e  
are d i sp layed  t o  t h e  p i l o t  on t h e  CRT d i s p l a y  system. 

Airborne d a t a  a c q u i s i t i o n  system.- A wideband magnetic-tape r eco rde r  onboard t h e  
a i r p l a n e  recorded d a t a  a t  a ra te  of 40 samples p e r  second. These d a t a  included 
93 parameters d e s c r i b i n g  t h e  a i r p l a n e  conf igu ra t ion ,  a t t i t u d e ,  and c o n t r o l  s u r f a c e  
a c t i v i t y .  Thirty-two a d d i t i o n a l  channels  w e r e  used f o r  r eco rd ing  navigat ion computer 
parameters ,  i nc lud ing  t h e  l a t i t u d e  and long i tude  of t h e  nav iga t ion  p o s i t i o n  estimate. 
Video recordings of t h e  e l e c t r o n i c  a t t i t u d e  d i r e c t o r  and e l e c t r o n i c  h o r i z o n t a l -  
s i t u a t i o n  d i s p l a y s  w e r e  a l s o  made throughout t h e  f l i g h t s .  

Radar Tracking F a c i l i t i e s  

Radar t r a c k i n g  of t h e  a i r p l a n e  w a s  provided by t h e  Fede ra l  Aviation Administra- 
t i o n  Extended Area Instrumentat ion Radar ( E A I R )  F a c i l i t y  a t  t h e  Federal  Aviation 
Adminis t ra t ion Technical  Center  (FAATC) i n  A t l a n t i c  C i t y ,  New Jersey.  The t r a c k i n g  
r a d a r  i s  a p r e c i s i o n  C-band ins t rumen ta t ion  r a d a r  system t h a t  w a s  operated i n  a 
beacon-tracking mode du r ing  t h e s e  f l i g h t  tests. S l a n t  range, azimuth angle ,  and 
e l e v a t i o n  a n g l e  d a t a  w e r e  recorded on magnetic t a p e  a t  a sample rate of 10 Hz. 
a i r b o r n e  and ground-based recorded d a t a  w e r e  t i m e  c o r r e l a t e d  f o r  p o s t f l i g h t  process-  
i n g  and a n a l y s i s .  P o s t f l i g h t  p rocess ing  of t h e  range,  azimuth, and e l e v a t i o n  d a t a  
c o n s i s t e d  of conversion t o  l a t i t u d e ,  longi tude,  and a l t i t u d e .  

A l l  

Radar accuracy is  s t a t e d  ( r e f .  5) as 0.2 mrad, ( 0 . 0 1 1 O )  i n  azimuth and e l e v a t i o n  
a n g l e  and less than  20 yards rms e r r o r  i n  range. 

RESULTS AND DISCUSSIONS 

Simulat ion Tests 

Test procedure.- The TSRV 737 a i r p l a n e  s imula t ion  w a s  used both i n  a f a s t - t ime  
mode wi thou t  t h e  r e s e a r c h  c o c k p i t  and i n  a real-time mode w i t h  a p i l o t  o p e r a t i n g  t h e  
r e sea rch  cockpi t .  The fa s t - t ime  mode w a s  used t o  i n v e s t i g a t e  t h e  change i n  t h e  
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p o s i t i o n  estimate convergence c h a r a c t e r i s  tics for  t h e  s i n g l e -  and dual-component 
p o s i t i o n  d i f f e r e n c e  s o l u t i o n s  and t o  select g a i n s  f o r  t h e  p o s i t i o n  estimate f i l t e r .  
The real-time p i l o t e d  mode w a s  used t o  determine the e f f e c t s  t h a t  a i r p l a n e  maneuvers 
might have on t h e  guidance based on t h e  nav iga t ion  p o s i t i o n  estimate. 

I n i t i a l  recovery 
r a t e ,  fps 

Figure  7 i s  a p l a n  view of t h e  r e fe rence  coord ina te  system, t h e  runway, t h e  DME 
antenna,  and t h e  l o c a l i z e r  antenna modeled f o r  t h e  s imula t ion .  The o r i g i n  of t h e  
r e fe rence  coord ina te  system w a s  l oca t ed  a t  t h e  approach end of  t h e  runway wi th  t h e  
x-axis o r i e n t e d  a long  t h e  c e n t e r l i n e  of a north-south runway. The ILS l o c a l i z e r  
antenna and t h e  DME antenna w e r e  c o l l o c a t e d  on t h e  x-axis 8500 f t  past  t h e  runway 
th re sho ld  ( r e fe rence  a x i s  o r i g i n ) .  This geometr ica l  arrangement of t h e  r e fe rence  
axes ,  runway alignment,  and antenna l o c a t i o n s  w a s  selected f o r  t h e s e  tests t o  f a c i l i -  
t a t e  d a t a  a n a l y s i s .  With t h i s  geometr ica l  arrangement,  t h e  l a t e ra l  component (east- 
w e s t )  of t h e  p o s i t i o n  estimate w a s  der ived  from ILS l o c a l i z e r  s i g n a l s  and t h e  lon- 
g i t u d i n a l  component (north-south)  w a s  de r ived  from DME s i g n a l s .  

63-percent recovery 
t i m e ,  sec 

Fast-t ime simulation.-  During t h e  fast-time s imula t ion  tests, t h e  a i r p l a n e  w a s  
cons t ra ined  t o  f l y  a iong  t h e  ILS l o c a l i z e r  toward t h e  runway r e g a r d l e s s  of t h e  navi-  
g a t i o n  p o s i t i o n  estimate. A t  t h e  s ta r t  of each test ,  t h e  naviga t ion  p o s i t i o n  e s t i -  
mate w a s  o f f s e t  t o  create a p o s i t i o n  estimate e r r o r  of  1000 f t  t o  t h e  r i g h t  and 
1000 f t  t o  t h e  rear of t h e  a c t u a l  p o s i t i o n  of t h e  a i r p l a n e .  me subsequent  reduct ion  
of t hese  e r r o r s  w a s  used t o  document t h e  convergence c h a r a c t e r i s t i c s  f o r  each t e s t  
run. 'Ihe p o s i t i o n  estimate e r r o r  w a s  broken i n t o  l a t e r a l  and l o n g i t u d i n a l  components 
r e l a t i v e  t o  t h e  l o c a l i z e r  c e n t e r l i n e  so  t h a t  convergence due t o  ILS l o c a l i z e r  i n f o r -  
mation ( l a t e ra l )  and DME informat ion  ( l o n g i t u d i n a l )  could be analyzed sepa ra t e ly .  
The convergence c h a r a c t e r i s t i c s  f o r  each component w e r e  q u a n t i f i e d  by t h e  i n i t i a l  
convergence rate, t h e  t i m e  r equ i r ed  t o  reduce t h e  i n i t i a l  displacement  e r r o r  by 
63 percen t ,  and the r e s u l t i n g  amount of overshoot .  

Test 
condition 

1 
2 
1 
2 

The f i r s t  f o u r  f a s t - t i m e  s imula t ion  runs w e r e  conducted t o  compare t h e  conver- 
gence c h a r a c t e r i s  t ics  of t h e  single-component s o l u t i o n  wi th  those  of t h e  dual-  
component so lu t ion .  mch of t h e s e  s o l u t i o n s  w a s  run  w i t h  p o s i t i o n  estimate f i l t e r  
ga ins  based on t h e  50 sec t i m e  c o n s t a n t  normally used wi th  dual-DME estimates ( t e s t  
cond i t ion  1 )  and wi th  a f a s t e r ,  30-sec t i m e  cons t an t  ( t e s t  cond i t ion  2 ) .  The r e s u l t -  
i n g  l a t e r a l  and l o n g i t u d i n a l  convergence c h a r a c t e r i s t i c s  f o r  t hese  runs  and t e s t  con- 
d i t i o n s  are t abu la t ed  i n  t a b l e  I. 

Component 
r e l a t i v e  to  

l o c a l i z e r  

Lateral 
Lateral 

Longi tudinal 
Longi tudi na 1 

TABLE I . -  LATERAL AND LONGITUDINAL CONVERGENCE CHARACTERISTICS OF ILS-DME POSITION ESTIMATE 

[TSRV simulation; K3 = 1 1  

20.5 38.0 
33.9 64.3 
40.1 39.1 
65.9 64.4 

~- 

45.0 
27.0 
22.8 
13.7 

Fi l ter  
t i m e  

constant,  
sec 

50 
30 
50 
30 

Single  
component 

.. . .- 

23.7 
14.2 
23.6 
14.1 

.. 

O f f s e t  a t  
threshold, f t 

Dua 1 
Zomponent 
- - . - . . . 

-61 -7  
-80.8 
-49.3 
-45.6 

_ _  
Single  

component 
~. ... 

-46.9 
-35.7 
-52.0 
-42.9 

Radio 
s ignal  
no i se  

N o  
N o  
N o  
No 

*Negative offset ind ica tes  an overshoot. 
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Table I shows t h a t  l i t t l e  change occurred i n  t h e  l o n g i t u d i n a l  convergence char- 
acter is t ics  between t h e  s i n g l e -  and dual-component p o s i t i o n  d i f f e r e n c e  s o l u t i o n s .  
This  w a s  expected because of t h e  c o l l o c a t i o n  of t h e  DME and l o c a l i z e r  antennas.  In 
t h i s  geometric conf igu ra t ion ,  t h e  magnitude of t h e  p o s i t i o n  d i f f e r e n c e  t e r m  w a s  t h e  
same f o r  each s o l u t i o n .  Hence, t h e  convergence c h a r a c t e r i s t i c s  w e r e  t h e  same. U s e  
of t h e  30-sec ga ins  r e s u l t e d  i n  approximately 66 p e r c e n t  fas ter  convergence than  w a s  
ob ta ined  wi th  t h e  50-sec gains .  

The la teral  convergence c h a r a c t e r i s t i c s  shown i n  table I i n d i c a t e  t h a t  u se  of 
t h e  single-component p o s i t i o n  d i f f e r e n c e  s o l u t i o n  r e s u l t e d  i n  a f a s t e r  r educ t ion  of 
e r r o r  t han  w a s  ob ta ined  w i t h  t h e  dual-component so lu t ion .  These r e s u l t s  are i l l u s -  
t r a t e d  i n  f i g u r e  8, which shows a t i m e  h i s t o r y  trace of t h e  i n i t i a l  1000-ft l a t e r a l  
e r r o r  and t h e  subsequent recovery f o r  each of t h e  f o u r  runs. U s e  of t h e  s i n g l e -  
component s o l u t i o n  r e s u l t e d  i n  an  85-percent i n c r e a s e  i n  t h e  i n i t i a l  la teral  recovery 
rate (90 pe rcen t  w i th  t h e  30-sec t i m e  c o n s t a n t )  and a 48-percent dec rease  i n  t i m e  t o  
reduce t h e  la teral  e r r o r  by 63 p e r c e n t  of t h e  i n i t i a l  o f f s e t  (47 p e r c e n t  w i th  t h e  
30-sec t i m e  c o n s t a n t ) .  Overshoot occurred on a l l  f o u r  runs. The overshoot  w a s  
reduced from 80.8 f t  w i th  t h e  dual-component s o l u t i o n  t o  35.7 f t  w i th  t h e  s i n g l e -  
component s o l u t i o n  (30-sec t i m e  c o n s t a n t ) .  However, it w a s  f e l t  t h a t  t h e  overshoot  
occur r ing  on a l l  runs could r e s u l t  i n  f l i g h t  c r e w  confusion due t o  disagreement 
between guidance based on t h e  nav iga t ion  p o s i t i o n  estimate and guidance based on 
l o c a l i z e r  d e v i a t i o n  information.  

The computations used t o  c a l c u l a t e  t h e  nav iga t ion  system v e l o c i t y  estimate w e r e  
examined t o  determine t h e i r  e f f e c t s  on t h e  p o s i t i o n  estimate convergence. The system 
v e l o c i t y  estimate i s  c a l c u l a t e d  by summing ground speed from t h e  i n e r t i a l  nav iga t ion  

and AVErt )  com- system wi th  a comparatively s m a l l  v e l o c i t y  c o r r e c t i o n  t e r m  ( A V  
puted from t h e  p o s i t i o n  d i f f e r e n c e  de f ined  by navigat ion r a d i o  information. This 
c o r r e c t i o n  t e r m  i s  computed by summing a p o r t i o n  of t h e  c u r r e n t  p o s i t i o n  d i f f e r e n c e  
t o  t h e  va lue  t h a t  w a s  computed on t h e  l a s t  computation c y c l e  (K3  = 1.0) as follows: 

N , t  

AV = K Av + K A P  kno t s  
N, t 3 N , t - 1  2 N , t  

+ K AP knots  Av E, t = x3 "E,t-l 2 E , t  

B i a s  e r r o r s  from t h e  INS v e l o c i t y  i n p u t s  may be n u l l e d  ove r  a p e r i o d  of t i m e  by 
accumulating a p o r t i o n  of t h e  p o s i t i o n  e r r o r  caused by t h e  v e l o c i t y  e r r o r .  However, 
when a l a r g e  p o s i t i o n  s t e p  e r r o r  i s  suddenly induced, as might be ob ta ined  when 
changing from en  r o u t e  nav iga t ion  r a d i o  f a c i l i t i e s  t o  approach f a c i l i t i e s ,  t h e  veloc-  
i t y  c o r r e c t i o n  t e r m  w i l l  become g r e a t  and could cause t h e  nav iga t ion  p o s i t i o n  esti-  
mate t o  momentarily undershoot o r  overshoot  during t h e  subsequent p o s i t i o n  e r r o r  
n u l l i n g  process. The l a r g e  p o s i t i o n  step e r r o r  would e v e n t u a l l y  be nul led,  b u t  t h i s  
would r e q u i r e  more t i m e  t h a n  necessa ry  t o  complete t h e  approach t o  landing. I n  a n  
e f f o r t  t o  reduce t h e  t r a n s i e n t  e f f e c t s  of l a r g e  s t e p  e r r o r s  t h e  p o s i t i o n  estimate, 
t h e  accumulation f e a t u r e  of t h e  v e l o c i t y  estimate equa t ion  w a s  removed by s e t t i n g  
K3 = 0. 

The f o u r  f a s t - t ime  s imula t ion  runs ( t e s t  cond i t ions  1 and 2) w e r e  r epea ted  u s i n g  
t h e  system v e l o c i t y  estimate equa t ions  with K3 se t  e q u a l  t o  zero. The convergence 
c h a r a c t e r i s t i c s  r e s u l t i n g  from t h e s e  runs are q u a n t i f i e d  i n  table 11. F i g u r e ' 9  shows 
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TABLE 11.- LATERAL AND LONGITUDINAL CONVERGENCE CHARACTERISTICS OF ILS-DME POSITION 
ESTIMATE USING MODIFIED SYSTEM VELOCITY ESTIMATE EQUATIONS 

Component 
r e l a t i v e  t o  

l o c a l i z e r  

~ 

T e s t  
condi t ion  

1 
2 
3 
4 
1 
2 
3 
4 

Filter 
time 

s ec 

33.8 64.1 

32.9 62.3 
19.9 37.9 
65.8 64.3 
40.0 39.1 
65.9 64.5 
40.2 39.2 

20.4 39.0 L a t e r a l  
Lateral 
L a t e r a l  

k n g i  t u d i  n a l  
Longi tudinal  
k n g i  tud ina  1 
Longitudinal  

29.2 

31.1 
51.4 
14.3 
23.8 
14.2 
23.6 

48.7 
30 
50 
30 
50 
30 
50 
30 
50 

[TSRV s imula t ion ;  K3 = 01 

Offset a t  
threshold, * f t I In i t ia l  recovery  63-percent  recovery  

rate, fps t i m e ,  sec 

S i n g l e  
iomponen t 

14.8 
24.7 
16.2 
26.5 
14.7 
24.6 
14.6 
24.4 

3.2 
33.5 
13.7 
44.5 

8.7 
8.5 
4.4 
2.5 

* P o s i t i v e  o f f s e t  i n d i c a t e s  a n  undershoot.  

t h e  t i m e  h i s t o r y  trace of  t h e  l a t e ra l  component f o r  each  of t h e s e  runs  

S i n g l e  
:omponen t 

0.01 
1 .o 
8.5 

10.7 
7.0 
6.9 
2.7 
0.3 

Radio 
s i g n a l  
noise 

N o  
N o  

Y e s  
Y e s  

N o  
N o  

Y e s  
Y e s  

These data 
i n d i c a t e  t h a t  t h e  overshoot  w a s  s u b s t a n t i a l l y  reduced. H o w e v e r ,  undershoot  r e s u l t e d  
i n  t h e  run  us ing  t h e  dual-component s o l u t i o n  and t h e  50-sec f i l t e r  gain.  More t i m e  
w a s  r equ i r ed  f o r  n u l l i n g  t h e  l a te ra l  error wi th  t h i s  s o l u t i o n  and gain.  The i n i t i a l  
recovery rates w e r e  about  t h e  same as those  obta ined  w i t h  t h e  unmodified v e l o c i t y  
estimate equat ions.  The t i m e s  r equ i r ed  t o  reduce t h e  i n i t i a l  d i sp lacement  error  by 
6 3  p e r c e n t  w e r e  i nc reased  s l i g h t l y  due t o  t h e  bet ter  estimate of system v e l o c i t y  
computed wi th  t h e  modified equat ions .  

Randomly genera ted  n o i s e  w a s  added t o  t h e  s imula ted  ILS l o c a l i z e r  and DME r a d i o  
s i g n a l s  t o  n o t e  any adverse  e f f e c t s  on t h e  convergence c h a r a c t e r i s t i c s ,  p a r t i c u l a r l y  
those  obta ined  wi th  t h e  f a s t e r  t i m e  cons tan ts .  The f o u r  f a s t - t ime  s imula t ion  runs  
were then  repea ted  u s i n g  t h e  modified system v e l o c i t y  estimate eqaa t ions  ( t e s t  con- 
d i t i o n s  3 and 4 ) .  The convergence c h a r a c t e r i s t i c s  r e s u l t i n g  from t h e s e  runs  d i d  n o t  
d i f f e r  s i g n i f i c a n t l y  from those  wi thout  no ise .  Tne r e s u l t s  a re  q u a n t i f i e d  i n  
table  11. 

R e a l - t i m e  simulation.-  A NASA t e s t  p i l o t  w a s  used  t o  e v a l u a t e  changes t o  t h e  
approach quidance r e s u l t i n q  f r o m  t h e  va r ious  combinations of p o s i t i o n  d i f f e r e n c e  _ -  
so lu t ions -and  t i m e  cons tan ts .  The p i lo t ' s  t a s k  w a s  t o  f l y  a n  ILS approach t o  t h e  
runway us ing  t h e  computer-drawn runway on t h e  pr imary f l i g h t  d i s p l a y  ( f i g .  1 )  and 
a s s o c i a t e d  symbology (desc r ibed  i n  ref. 2)  for guidance. The p i l o t  w a s  t o  subjec-  
t i v e l y  eva lua te  changes t o  t h e  guidance r e s u l t i n g  from modif ica t ions  t o  t h e  p o s i t i o n  
d i f f e r e n c e  s o l u t i o n s  and t h e  p o s i t i o n  estimate t i m e  cons t an t s .  To a i d  t h e  p i l o t  wi th  
t h i s  eva lua t ion ,  a second computer-drawn runway w a s  drawn on t h e  pr imary f l i g h t  d i s -  
p l a y  t o  r e p r e s e n t  t h e  real-world runway as it would appear through a superimposed 
d i s p l a y  of a forward-looking t e l e v i s i o n  image. The real-world runway had no simu- 
l a t e d  n o i s e  o r  p o s i t i o n  e r r o r s  and w a s  t o  be used f o r  comparison wi th  t h e  computer- 
drawn runway based on t h e  nav iga t ion  p o s i t i o n  estimate. 

The eva lua t ion  runs w e r e  made wi th  bo th  s i n g l e -  and dual-component d i f f e r e n c e  
s o l u t i o n s ,  bo th  30- and 50-sec p o s i t i o n  estimate t i m e  c o n s t a n t s ,  and both  modif ied 
(K3 = 0) and unmodified (K3 = 1 )  v e l o c i t y  estimate equat ions .  

w a s  a l so  inc luded  du r ing  these runs.  
Simulated radio n o i s e  
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One se t  of runs w a s  made w i t h  an i n i t i a l  l a te ra l  p o s i t i o n  estimate e r r o r  of 
1000 f t .  This p o s i t i o n  o f f s e t  w a s  r e a d i l y  seen  i n  t h e  d i f f e r e n c e  between t h e  real- 
w o r l d  runway and t h e  computer-drawn runway. The p i l o t  d i d  n o t  r e p o r t  any d i f f i c u l -  
t ies  o r  confusion i n  u s i n g  t h e  approach guidance while  t h e  p o s i t i o n  estimate 
algori thm w a s  n u l l i n g  t h e  p o s i t i o n  error. However, both t h e  overshoot,  which 
r e s u l t e d  from t h e  use  of the unmodified v e l o c i t y  estimate equa t ions ,  and t h e  under- 
shoot ,  which w a s  ob ta ined  w i t h  t h e  dual-component s o l u t i o n ,  modified v e l o c i t y  equa- 
t i o n s ,  and 50-sec g a i n s ,  w e r e  very apparent ,  as could be seen  by t h e  d i f f e r e n c e s  i n  
alignment bekween t h e  s imula t ed  real-world runway and t h e  computer-drawn runway. The 
p i l o t  r epor t ed  t h a t  t h e  misalignment of t h e  computeritrawn runway would degrade i t s  
u s e f u l n e s s  when f l y i n g  c l o s e r  t han  approximately 1 m i l e  t o  t h e  runway. The u s e  of 
t h e  single-component d i f f e r e n c e  s o l u t i o n ,  t h e  modified v e l o c i t y  equat ions,  and t h e  
30-sec t i m e  cons t an t s  r e s u l t e d  i n  good runway alignment and provided adequate guid- 
ance information f o r  f l i g h t  t o  t h e  runway threshold.  

An a d d i t i o n a l  se t  of runs w e r e  made wi th  no i n i t i a l  p o s i t i o n  estimate error. 
The p i l o t  w a s  i n s t r u c t e d  t o  t u r n  t h e  a i r p l a n e  back and f o r t h  approximately 20° t o  
e i t h e r  side of t h e  runway c e n t e r l i n e  t o  judge t h e  dynamics o f  t h e  d i s p l a y  symbology 
caused by t r a c k  a n g l e  and la te ra l  displacements  of t h e  a i r p l a n e .  The p i l o t  judged 
t h e  motion of t h e  symbology dur ing  t h e s e  maneuvers t o  be smooth and accep tab le  f o r  
approach guidance f o r  a l l  runs. 

F1 igh t Te s ts 

T e s t  procedure.- F l i g h t  tests w e r e  conducted t o  v a l i d a t e  t h e  r e s u l t s  ob ta ined  
from t h e  s imula t ion  tests. The TSRV 737 a i r p l a n e  w a s  flown on a series of ILS 
approaches t o  runway 1 3  a t  t h e  Federal Aviation Adminis t ra t ion Technical Center 
(FAATC) a i r p o r t  l o c a t e d  nea r  A t l a n t i c  C i t y ,  N.J .  Ground-based p r e c i s i o n  radar t r ack -  
i n g  d a t a  w e r e  recorded t o  d e f i n e  t h e  a c t u a l  p o s i t i o n  of t h e  a i r p l a n e  du r ing  each t e s t  
run. During p o s t f l i g h t  d a t a  a n a l y s i s ,  t h e  v e c t o r i a l  d i f f e r e n c e  between t h e  radar- 
de f ined  p o s i t i o n  and t h e  onboard e s t ima ted  p o s i t i o n  w a s  computed and r e so lved  i n t o  
l o n g i t u d i n a l  ( p a r a l l e l  t o  t h e  runway c e n t e r l i n e )  and la teral  (pe rpend icu la r  t o  t h e  
runway c e n t e r l i n e )  components. The l o c a t i o n s  of t h e  D M E ' s  used during t h e s e  tests 
( f i g .  10) r e s u l t e d  i n  t h e  l a t e r a l  d i f f e r e n c e  component be ing  in f luenced  p r i m a r i l y  by 
t h e  ILS l o c a l i z e r  s i g n a l s  and t h e  l o n g i t u d i n a l  d i f f e r e n c e  component being in f luenced  
by t h e  DME s i g n a l s .  

F igu re  1 0  shows t h e  f l i g h t  p a t h  used du r ing  t h e s e  tests. The p a t h  w a s  pro- 
grammed i n t o  t h e  area nav iga t ion  system t o  provide t r a c k i n g  qaidance f o r  t h e  p i l o t  t o  
i n t e r c e p t  the ILS l o c a l i z e r  a t  a p o i n t  1 0  t o  1 5  n.mi. from t h e  l o c a l i z e r  antenna. 
P o s i t i o n  estimates computed du r ing  t h e  f l i g h t  t o  t h e  f i n a l  approach p a t h  used i n e r -  
t i a l  v e l o c i t y  and e i t h e r  dual-  or single-DME i n p u t s ,  depending on t h e  s i g n a l  and 
geometr ical  v a l i d i t y  requirements  programmed i n t o  t h e  nav iga t ion  system. The algo-  
rithms used du r ing  t h i s  process are desc r ibed  i n  r e fe rence  3. 

Once t h e  ILS l o c a l i z e r  w a s  i n t e r c e p t e d ,  t h e  p i l o t  would slow t h e  a i r p l a n e  t o  
approximately 140 k n o t s  and maintain l e v e l  f l i g h t  a t  an  a l t i t u d e  of 3500 f t .  Radar 
and a i r b o r n e  data r eco rd ing  w e r e  begun p r i o r  t o  p a s s i n g  waypoint ILS10, which w a s  
l o c a t e d  1 0  n.mi. from t h e  l o c a l i z e r  antenna. After p a s s i n g  waypoint ILSlO, t h e  navi- 
g a t i o n  p o s i t i o n  estimate w a s  computed u s i n g  t h e  ILS and DME information. Once t h e  
g l i d e  s l o p e  w a s  i n t e r c e p t e d ,  t h e  p i l o t  used ILS l o c a l i z e r  and g l i d e  s l o p e  d e v i a t i o n  
in fo rma t ion  for guidance s i n c e  t h e s e  w e r e  una f fec t ed  by t h e  p o s i t i o n  estimate errors 
a r t i f i c i a l l y  induced f o r  t h e s e  f l i g h t  tests. Each test  run w a s  complete once t h e  
a i r p l a n e  c ros sed  t h e  approach t h r e s h o l d  of t h e  runway. 
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During t h e  t es t  run, when t h e  a i r p l a n e  w a s  approximately 8 n.mi. from t h e  local- 
i z e r  antenna, t h e  f l i g h t  test eng inee r  i n s e r t e d  a n  incremental 'change i n  t h e  p o s i t i o n  
estimate which r e s u l t e d  i n  a 1000-ft r i g h t  lateral s h i f t  ( r e l a t i v e  t o  t h e  ILS local- 
i z e r )  and a 1000-ft rearward l o n g i t u d i n a l  s h i f t .  The convergence c h a r a c t e r i s t i c s  
r e s u l t i n g  from t h e  c o r r e c t i o n  of t h e s e  induced e r r o r s  w e r e  q u a n t i f i e d  w i t h  t h e  same 
parameters used i n  t h e  s imula t ion  tests. 

A s u b j e c t i v e  e v a l u a t i o n  w a s  made by a NASA t es t  p i l o t  t o  determine i f  t h e  guid- 
ance based on t h e  nav iga t ion  p o s i t i o n  estimate w a s  adve r se ly  a f f e c t e d  by t h e  modified 
estimate algori thms and t h e  f a s t e r  f i l t e r  t i m e  cons t an t s .  The e v a l u a t i o n  w a s  based 
p r i m a r i l y  on a comparison of t h e  computer-drawn runway wi th  t h e  real-world runway 
t e l e v i s i o n  image superimposed on t h e  primary f l i g h t  d i sp l ay .  

Funct ional  check.- An i n i t i a l  t e s t  run w a s  flown t o  conduct a f u n c t i o n a l  check 
of t h e  a i r b o r n e  so f tware  and t o  determine t h a t  adequate DME s i g n a l  coverage w a s  
a v a i l a b l e  f o r  t h e s e  f l i g h t  tests. During t h i s  i n i t i a l  t es t  run,  ILS l o c a l i z e r  and 
DME s i g n a l s  w e r e  used 93 p e r c e n t  of t h e  t i m e  t o  compute t h e  p o s i t i o n  estimate. 
During t h e  remainder of t h e  tes t  run, i n p u t s  from t h e  DME r e c e i v e r  w e r e  n o t  v a l i d  and 
t h e  p o s i t i o n  estimates w e r e  computed wi th  l o c a l i z e r  i n p u t s  only ( ILX mode). 

The automatic  t un ing  f e a t u r e  of t h e  nav iga t ion  system h a s  been programmed t o  
se lec t  DME r a d i o  s t a t i o n s  t h a t  m e e t  both geometric c r i te r ia  programmed i n  t h e  NCU 
( r e f .  6 )  and s i g n a l  v a l i d i t y  based on t h e  q u a l i t y  and s t r e n g t h  of t h e  r ece ived  s i g n a l  
programmed i n  t h e  r a d i o  r ece ive r .  The d a t a  recorded on t h e  a i r p l a n e  i n d i c a t e d  t h a t  
t h e  A t l a n t i c  C i ty  (ACY) DME w a s  used throughout most of t h e  t e s t  run. However, t h e  
DME s i g n a l  w a s  i n t e r m i t t e n t l y  i n v a l i d  and caused t h e  Cedar Lake (VCN) DME t o  be auto- 
m a t i c a l l y  tuned du r ing  t h e  l a s t  49 sec of t h e  f u n c t i o n a l  check. 

Lateral convergence .- The la te ra l  convergence c h a r a c t e r i s t i c s  of t h e  p o s i t i o n  
estimate f o r  an o f f s e t  of approximately 1000 f t  f o r  t h e  v a r i o u s  p o s i t i o n  estimate 
algori thm conf igu ra t ions  f l i g h t  t e s t e d  ( i .e. ,  magnitude of 
s o l u t i o n ,  and f i l t e r  t i m e  c o n s t a n t )  are summarized i n  table  111. The l e n g t h  of t i m e  
of each tes t  and t h e  p e r c e n t  of t i m e  t h a t  both ILS l o c a l i z e r  and DME i n p u t s  were used 
t o  compute t h e  p o s i t i o n  estimate are also shown i n  t a b l e  111. A s i n g l e  o f f s e t  w a s  
induced on f i v e  runs and two o f f s e t s  w e r e  induced on an  a d d i t i o n a l  t w o  runs (denoted 
a and b ) .  

K3, p o s i t i o n  d i f f e r e n c e  

The lateral convergence c h a r a c t e r i s t i c s  ob ta ined  from t h e  f l i g h t  tests w e r e  
s imilar t o  those ob ta ined  f o r  t h e  same a lgo r i thm c o n f i g u r a t i o n  and f i l t e r  t i m e  con- 
s t a n t s  used du r ing  t h e  s imula t ion  tests. The va lues  of t h e  o f f s e t  obtained a t  t h e  
end of each run w e r e  g e n e r a l l y  g r e a t e r  du r ing  t h e  f l i g h t  t es t  than du r ing  s imula t ion .  
Th i s  w a s  p a r t l y  because t h e  e l apsed  t i m e  of each f l i g h t  t e s t  w a s  s h o r t e r  t han  t h e  
169 sec used during t h e  s imula t ion  t es t  runs. ( A  t a i l  wind component w a s  encountered 
d u r i n g  t h e  f l i g h t  tests which r e s u l t e d  i n  h i g h e r  ground speeds and subsequent ly  
s h o r t e r  t i m e s  t o  f l y  t o  t h e  runway.) I n  a d d i t i o n ,  du r ing  t h e  DME s i g n a l  dropouts ,  
t h e  p o s i t i o n  estimate w a s  computed i n  t h e  ILX mode. 

Figure 1 1  shows p l o t s  of l a t e ra l  displacement as a f u n c t i o n  of t i m e  f o r  f o u r  
f l i g h t  t e s t  runs. These p l o t s  are s i m i l a r  t o  t hose  obtained du r ing  t h e  s imula t ion  
tests. Test run 1 w a s  conducted wi th  t h e  o r i g i n a l  dual-component p o s i t i o n  estimate 

s e t  equa l  t o  1. This configura-  a lgori thm, a 50-sec f i l t e r  t i m e  cons t an t ,  and 
t i o n  r e s u l t e d  i n  t h e  s l o w e s t  convergence of t h e  ateral  displacement.  Tes t  run 2 w a s  
conducted with t h e  single-component p o s i t i o n  estimate, a 50-sec f i l t e r  t i m e  cons t an t ,  
and K~ s e t  equa l  t o  1. The h i g h e r  ra te  of convergence (compared t o  tes t  run 1 )  
s h a m  on t h i s  p l o t  w a s  due t o  t h e  u s e  of t h e  single-component p o s i t i o n  estimate 

"1 
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TABLE 111.- LATERAL CONVERGENCE CHARACTERISTICS OF ILS-DME POSITION ESTIMATE 

Test 
r u n  

2 

3 

4a 

4b 

sa 

5b 

Je loci  t y  
2 s t i m a t e  
zons t a n t  

K3 

1 

1 

1 

1 

1 

0 

0 

0 

0 

P o s i t i o n  
i f  f e r e n c e  
s o l u t i o n  

Dual 
omponent 

S i n g l e  
omponent 

S i n g l e  
omponent 

S i n g l e  
omponent 

S i n g l e  
omponent 

S i n g l e  
omponent 

S i n g l e  
omponent 

S i n g l e  
omponen t 

S i n g l e  
omponent 

F i l t e r  
t i m e  

:ons t a n t ,  
sec 

50 

50 

30 

30 

30 

30 

30 

30 

30 

[TSRV f l i g h t  t e s t ]  

I n i t i a l  
recovery 
rate, 
fPS 

18.8 

47.5 

58.8 

54.4 

55.6 

61.3 

56.3 

58.5 

54.1 

i3-percent 
r ecove ry  

t i m e ,  
sec 

34.8 

20.5 

14.3 

14.9 

14.3 

12.2 

14.4 

14.3 

15.4 

O f f s e t  a t  
?nd of r u n , *  

f t  

342* * 

-50 

10  

48 

116** 

60* * 

1 OS** 

10  

10  

Elapsed 
t i m e  of  
tes t ,  
sec 

44* * 

122 

109 

70 

33* * 

46* * 

48* * 

9 3  

9 8  

Time i n  
I L D  update  

mode, 
p e r c e n t  

67 

97 

59 

53  

82  

67 

31 

73 

75 

*Negat ive o f f s e t  i n d i c a t e s  a n  ove r shoo t .  
* * I n s u f f i c i e n t  t i m e  remain ing  i n  t e s t  run  f o r  l a te ra l  convergence  t o  be completed.  

a lgori thm. However, t h e  l a t e r a l  e r r o r  was reduced only t o  approximately 20 f t  and 
then inc reased  and remained a t  40 f t  u n t i l  t h e  completion of t h e  t e s t .  Tes t  r u n s  3 
and 6 were conducted wi th  t h e  single-compocent p o s i t i o n  e s t i m a t e  and a 30-sec f i l t e r  
t i m e  cons tan t .  
equa l  t o  0. The l a t e r a l  convergence was f a s t e r  on t h e s e  runs than on run 2 due t o  
t h e  use  of t h e  qu icke r  t ime f i l t e r  cons tan t .  
(to 10 f t  a t  t h e  end of t h e  tes t )  on run 3. The l a t e r a l  e r r o r  on run 6 was a l s o  
smooth b u t  converged t o  a 35- f t  s t andof f  e r r o r .  This e r r o r  w a s  maintained f o r  about  
30 s e c  be fo re  converging t o  10  f t .  This s t andof f  e r r o r  may be a t t r i b u t e d  t o  l o s s  of 
t h e  DME s i g n a l ,  which r e s u l t e d  i n  t h e  use  of t h e  ILX mode. 

For tes t  run 3, K3 w a s  s e t  equal  t o  1 and f o r  t e s t  run 6 it w a s  se t  

The l a t e r a l  e r r o r  was nu l l ed  smoothly 

The p i l o t  r epor t ed  no adverse  e f f e c t s  t o  t h e  approach guidance from modifica- 
t i o n s  t o  t h e  p o s i t i o n  estimate algori thm. The dynamics of t h e  computer-drawn runway 
d i sp layed  on t h e  e l e c t r o n i c  a t t i t u d e  d i r e c t o r  i n d i c a t o r  w e r e  smooth wi th  both 30- and 
50-sec f i l t e r  t i m e  cons tan ts .  
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Longitudinal  convergence.- The l o n g i t u d i n a l  convergence rates w e r e  a lmos t  iden- 
t i c a l  t o  those ob ta ined  on the  l a t e r a l  a x i s  when t h e  DME s i g n a l s  w e r e  v a l i d .  
t h e  DME s i g n a l s  w e r e  i n v a l i d ,  t h e  p o s i t i o n  estimate w a s  computed wi th  ILS l o c a l i z e r  
s i g n a l s  and t h e  l o n g i t u d i n a l  recovery ra te  dropped t o  zero.  

When 

Figure 1 2  shows p l o t s  of t h e  l o n g i t u d i n a l  displacement  as a f u n c t i o n  of t i m e  f o r  
two of t h e  f l i g h t  tes t  runs. Both runs  w e r e  configured u s i n g  t h e  single-omponent 
p o s i t i o n  estimate wi th  a 30-sec f i l t e r  t i m e  constant .  The p l a t e a u s  where t h e  longi-  
t u d i n a l  displacement d i d  n o t  change i n d i c a t e  t h e  t i m e s  du r ing  which t h e  DME s i g n a l s  
w e r e  i n v a l i d .  K3 
t o  0. It w a s  a n t i c i p a t e d  t h a t  some overshoot  would occur  i n  run 3 (K3  = 1 )  because 
o f  t h e  overshoot  obtained i n  t h e  s i m u l a t o r  ( t a b l e  I) .  However, none of t h e  f l i g h t  
t es t  runs r e s u l t e d  i n  t h e  l o n g i t u d i n a l  e r r o r  converging t o  ze ro ,  which i n d i c a t e d  t h a t  
a b i a s  e r r o r  could be p r e s e n t  i n  t h e  DME system. 

In run 3, w a s  se t  e q u a l  t o  1 and i n  run 5a i t  w a s  s e t  e q u a l  

I n  an  e f f o r t  t o  determine t h e  combined accuracy of t h e  a i r b o r n e  and ground DME 
systems, a comparison w a s  made between t h e  DME value measured on t h e  a i r p l a n e  and a 
c a l c u l a t e d  d i s t a n c e  determined from t h e  l o c a t i o n  of t h e  a i r p l a n e  (de f ined  by t h e  p re -  
c i s i o n  r a d a r  t r a c k i n g  d a t a )  and t h e  known l o c a t i o n  of t h e  DME ground f a c i l i t y .  S l a n t  
range e r r o r  due t o  the  d i f f e r e n c e  i n  a l t i t u d e  between t h e  a i r p l a n e  and t h e  DME s t a -  
t i o n  w a s  tdken i n t o  account. This a n a l y s i s  s h w e d  t h a t  t h e  i n d i c a t e d  DME values  
measured on t h e  a i r p l a n e  w e r e  g r e a t e r  t han  t h e  t h e o r e t i c a l  va lues  ob ta ined  from b o t h  
DME ground s t a t i o n s  used du r ing  t h e  t es t  runs. The mean e r r o r  f o r  a l l  t e s t  runs w a s  
739 f t  and t h e  s t anda rd  d e v i a t i o n  w a s  247 f t .  

The DME ground s t a t i o n s  used du r ing  t h e s e  tests. w e r e  standard r a d i o  nav iga t ion  
f a c i l i t i e s  normally used i n  t h e  n a t i o n a l  airspace s t r u c t u r e .  Combined ground and 
a i r b o r n e  accuracy is  s p e c i f i e d  as 0.5 n.mi. o r  3 p e r c e n t  of t h e  i n d i c a t e d  d i s t a n c e ,  
whichever i s  g r e a t e r  ( r e f .  7 ) .  

Although t h e  DME system e r r o r s  r e s u l t i n g  d u r i n g  t h e s e  tests are w e l l  w i t h i n  t h e  
s p e c i f i e d  accuracy t o l e r a n c e s  f o r  en  r o u t e  DME systems, t h e  u s e  of p r e c i s i o n  DME 
f a c i l i t i e s  may be r equ i r ed  t o  compute guidance f o r  p r e c i s i o n  approaches o r  f o r  super- 
imposi t ion on real-world images (i.e.,  head-up o r  head-down d i s p l a y s  with e l e c t r o n i c  
real-world imagery). me NASA t e s t  p i l o t  r epor t ed  t h a t  t h e  l o n g i t u d i n a l  e r r o r  w a s  
on ly  observable  on t h e  computer-drawn runway guidance when c l o s e  t o  t h e  runway 
t h r e s h o l d  ( w i t h i n  approximately 1 m i l e ) .  

CONCLUDING REMARKS 

The r e s u l t s  from s imula t ion  tests showed t h a t  improvements t o  t h e  convergence 
c h a r a c t e r i s t i c s  and accuracy of t h e  TSRV area nav iga t ion  system p o s i t i o n  estimate 
could be ob ta ined  through mod i f i ca t ions  t o  t h e  p o s i t i o n  d i f f e r e n c e  computations,  t h e  
p o s i t i o n  estimate f i l t e r  t i m e  cons t an t ,  and t h e  v e l o c i t y  estimate equat ions.  F l i g h t  
tes t  r e s u l t s  g e n e r a l l y  agreed with t h e  s imula to r  r e s u l t s  e x c e p t  f o r  t h e  accuracy 
improvements obtained through mod i f i ca t ions  t o  t h e  v e l o c i t y  estimate. Accuracy 
improvements with t h i s  mod i f i ca t ion  are  n o t  e v i d e n t  i n  t h e  f l i g h t  d a t a  supported by 
r a d a r  t r a c k i n g  information. Lateral convergence ( i n f l u e n c e d  by ILS l o c a l i z e r  r a d i o  
s i g n a l s )  i n  n u l l i n g  a n  a r t i f i c a l l y  induced p o s i t i o n  estimate e r r o r  w a s  s u b s t a n t i a l l y  
f a s t e r  w i th  t h e  single-component p o s i t i o n  d i f f e r e n c e  s o l u t i o n  than  wi th  t h e  dual-  
component s o l u t i o n .  Convergence i n  t h e  l o n g i t u d i n a l  a x i s  ( inf luenced by DME r a d i o  
s i g n a l s )  w a s  approximately t h e  same f o r  both s o l u t i o n s .  U s e  of t h e  30-sec t i m e  con- 
s t a n t  f i l t e r  ga ins  r e s u l t e d  i n  approximately 66 p e r c e n t  f a s t e r  convergence t h a n  w a s  
ob ta ined  wi th  t h e  50-sec gains .  During s imula t ion  tests a n  overshoot  e r r o r  i n  t h e  
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p o s i t i o n  estimate w a s  e l imina ted  by s e t t i n g  a n  accumulation term i n  t h e  v e l o c i t y  
estimate equa t ions  e q u a l  t o  zero.  

The guidance drawn on t h e  e l e c t r o n i c  f l i g h t  d i s p l a y s  w a s  smooth €or a l l  p o s i t i o n  
estimate a lgo r i thm c o n f i g u r a t i o n s  and f i l t e r  t i m e  c o n s t a n t s  t e s t e d .  It w a s  noted 
t h a t  some l o n g i t u d i n a l  e r r o r  could be d e t e c t e d  between t h e  computer-drawn runway and 
t h e  superimposed real-world runway d i sp layed  on t h e  e l e c t r o n i c  a t t i t u d e  d i r e c t o r  
i n d i c a t o r  when t h e  a i r p l a n e  w a s  c l o s e  t o  t h e  approach t h r e s h o l d  of t h e  runway. This  

t i o n  d i f f e r e n c e  equat ions.  Although t h e  b i a s  e r r o r  w a s  w i t h i n  system t o l e r a n c e s  f o r  
en r o u t e  nav iga t ion  DME, t h e  u s e  of p r e c i s i o n  DME may be requ i r ed  f o r  approach t o  

* l o n g i t u d i n a l  e r r o r  w a s  caused by a b i a s  e r r o r  i n  t h e  DME i n d i c a t i o n  used i n  t h e  pos i -  

P landing. 

Langley Research Center  
Na t iona l  Aeronautics and Space Adminis t ra t ion 
Hampton, VA 23665 
January 12, 1984  
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APPENDIX A 

POSITION ESTIMATE FILTER 

Tie f i r s t  s tep i n  t h e  p o s i t i o n  estimate p rocess  is t o  develop a v e l o c i t y  esti-  
mate update from t h e  n o r t h  and east components of t h e  p o s i t i o n  d i f f e r e n c e  
(APN, t,APE,t) ob ta ined  f r o m  t h e  vec to r  between t h e  l a s t  p rev ious ly  e s t ima ted  p o s i t i o n  
and t h e  p o s i t i o n  de f ined  by t h e  r a d i o  nav iga t ion  information. Thus * 

AV = K AV + K AP kno t s  * N, t 3 N , t - I  2 N , t  

kno t s  

where 

K = 900 At /T2  h r - l  
2 

K 3  = 1.0 

A t  = 1/20 sec 

T = Time cons t an t  f o r  p o s i t i o n  estimate f i l t e r  

A v e l o c i t y  estimate i s  then made by summing t h e  v e l o c i t y  update wi th  ground 
speed ob ta ined  from t h e  i n e r t i a l  nav iga t ion  system: 

h 

'N , t  = A v N , t  4- V N , t  k n o t s  

A 

k n o t s  
E,  t 'E, t = AVE,t + V 

A p o s i t i o n  update i n  terms of l a t i t u d e  and long i tude  i s  obtained from t h e  system 
v e l o c i t y  and t h e  p o s i t i o n  d i f f e r e n c e  components as fol lows:  
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APPENDIX A 

where K = 2 At/T. Th i s  l a t i t u d e  and long i tude  p o s i t i o n  update  is  based on a n  
oblate spheroid Ear th  model (ref. 3) u s ing  t h e  fo l lowing  r a d i i  of cu rva tu re  i n  the 
meridional  (nor th-south)  and normal (east-west) d i r e c t i o n s :  

1 

n.mi. = [.,,, + rE( l  - 2F + 3F s i n  Qe,t- l  
1 

M , t  )] 6076.1 r 

* 
n.mi. 2 r 1 + F s i n  Q 

N I ~  
P 

where 

F = 0.003367 

rE = 20 925 873.79 f t  

The p o s i t i o n  estimate i s  found by summing t h e  prev ious  p o s i t i o n  estimate w i t h  t h e  
p o s i t i o n  update  t e r m s :  

h = h  + Aht deg 
e , t  e, t-1 
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APPENDIX B 

ILS LOCALIZER-ONLY POSITION DIFFERENCE COMPONENT 

General S o l u t i o n  

A p o s i t i o n  d i f f e r e n c e  component may be computed from ILS l o c a l i z e r  angu la r -  
d e v i a t i o n  information. Figure B1 shows t h e  geometry of t h e  ILS l o c a l i z e r  antenna, 
t h e  runway wi th  a n  extended c e n t e r l i n e ,  t h e  l a s t  e s t i m a t e d  p o s i t i o n  of t h e  a i r p l a n e  
( +e t- 1 and i t s  es t ima ted  p o s i t i o n  on a measured l o c a l i z e r  r a d i a l .  An orthogonal  
c o o r d i n a t e  system wi th  i t s  o r i g i n  a t  t h e  l o c a l i z e r  antenna (0 ,h ) i s  o r i e n t e d  toward 
t r u e  north.  

# 

m 

0 0  

-+ 
w a s  found by s u b t r a c t i n g  t h e  v e c t o r  3 (de f ined  from t h e  

DPt e, t -1  
A v e c t o r  

l o c a l i z e r  antenna t o  t h e  l o c a t i o n  of t h e  l a s t  p o s i t i o n  estimate) from t h e  vec to r  

Z 
having t h e  same l e n g t h  as vec to r  

-h 
(de f ined  from t h e  l o c a l i z e r  $ntenna a long  t h e  measured ILS l o c a l i z e r  r a d i a l  and 

A v e c t o r  component i3 perpend icu la r  r, t 
'e, t - l ) *  P , t  

+ 
t o  t h e  runway c e n t e r l i n e  w a s  computed f r o m  t h e  p o s i t i o n  d i f f e r e n c e  v e c t o r  DPt. Then 
2 

D P  w a s  broken i n t o  n o r t h  and east  components f o r  u s e  i n  t h e  p o s i t i o n  estimate 
PI t 

computations. 

+ 
t C a l c u l a t i o n  of DP 

+ 
To determine D P  

o f  p o s i t i o n  estimate vec to r  

p o s i t i o n  estimate and t h e  ILS l o c a l i z e r  antenna l o c a t i o n :  

it wag necessary t o  c a l c u l a t e  t h e  n o r t h  and east  components 
from t h e  l a t i t u d e s  and long i tudes  of t h e  l a s t  t 

'e, t -1  

Z = 60( 'e,t-l - $o) n.mi. 
e , N , t - 1  

n.mi. 'e,t-l + $0 

2 - h ) cos - 
'e,E,t-l - 6 0 ( h e , t - l  0 

Thus 

-h 
of t h e  e s t ima ted  p o s i t i o n  of t h e  a i r p l a n e  a l o n g  a measured 

zr t A vec to r  
l o c a l i z e r  r a d i a l  G a s  determined i n  t h e  fol lowing manner. 
information could be ob ta ined  a long  a r a d i a l  from t h e  ILS l o c a l i z e r  antenna, t h e  

Since no radio-based range 

22 
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APPENDIX B 

+ + . %e l e n g t h  
w a s  chosen t o  be e q u a l  t o  t h e  magnitude of 'e, t -1  magnitude of Z 

of z and Z w a s  r, t e, t -1  

r, t 
+ + 

Z r, t - - 'e, t -1  = [(ze,N,t-l)2 + (Ze,E,t-1)2]1'2 nomi* 

+ 
The n o r t h  and east  components of Z w e r e  found from t h e  a n g l e  4Jr - 't r, t 

9 
between t h e  v e c t o r  Z and t h e  n o r t h  a x i s :  

r ,  t 

Thus 

+ 
The p o s i t i o n  d i f f e r e n c e  vec to r  DP w a s  found as fol lows:  t 

- 
'e,t-l DPt = Z 

r,  t 

C a l c u l a t i o n  of P o s i t i o n  Di f f e rence  
APN, t,APE, 

+ 
of DT'P perpendicular  t o  t h e  runway t The magnitude of t h e  component DP 

P , t  
--f A 

c e n t e r l i n e  w a s  ob ta ined  from t h e  d o t  product  of DPt and a u n i t  vec to r  u perpen- 
A 

d i c u l a r  t o  t h e  runway c e n t e r l i n e .  The u n i t  v e c t o r  u w a s  de f ined  as  

A A A 

u = -cos(4Jr)i + sin((I,,)j 

The magnitude of 5 wa s thus  
PI t 

- z  ) s i n  (I, n.mi. 
e , N , t - 1  r - z  1 cos 4J + (Zr,N,t  - - -  

( ' r ,E , t  e ,E , t -1  r 

23 



APPENDIX B 

+ 
The n o r t h  and east  components of D P  w e r e  

PI t 

AP = DP s i n  J, n.mi. 
N, t PI t r 

AP = -DP c o s  (I, n.mi. E, t PI t r 

These p o s i t i o n  d i f f e r e n c e  components were used d i r e c t l y  i n  t h e  nav iga t ion  p o s i t i o n  
estimate algori thms.  
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r Estimated a i r p l a n e  p o s i t i o n ,  

4 s  l o c a l i z e r  antenna, 

$ 0 3  ' 0  

n 
i 

Figure B1.- Geometry p e r t a i n i n g  t o  ILX p o s i t i o n  estimate mode. 
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Figure 1.- Computer-drawn runway on e l ec t ron ic  primary f l i g h t  display.  



"; 
A i r  p 1 ane 
est imated 

Figure 2.- Geometry pe r t a in ing  t o  ILD single-component p o s i t i o n  estimate: ILS 
l o c a l i z e r  antenna, DME, est imated and measured pos i t i ons  of a i rp l ane ,  and runway 
with extended cen te r l ine .  



-P 
Figure  3.- Components of vec to r  Z t r i a n g l e  used i n  

ILD single-component p o s i t i o n  estimate. m, t 

N 

I L S  l o c a l i z e r  
x 

$0 * 
h 

Figure  4.- Lateral and r a d i a l  l i m i t s  of ILS l o c a l i z e r  geometry. 
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I n o t  used 

Figure 5.- DME ground s t a t i o n  geometry check f o r  ILD p o s i t i o n  estimate. 

, ’ 

f ’  

L - 8 4 - 0 5 
Figure 6.- Transport  Systems Research Vehicle  (TSRV). 
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I 

( -40  000,O) - 
L I n i t i a l  l o c a t i o n  

o f  a irplaf ie  

ILS l o c a l i z e r  and ’ DME antenna 

I 

I n i t i a l  navigat ion system 
1000 ft p o s i t i o n  estimate 

I-1000 ft ’ ( - 4 1  000,-1000) 4’ 

Figure 7.-  P l a n  view of reference coordinate system and i n i t i a l  
simulation test setup. 
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Figure 8.- L a t e r a l  component of pos i t i on  es t imate  e r r o r .  TSRV simulat ion;  K3 = 1 .  
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Figure 9.- La tera l  component of pos i t ion  est imate  e r ro r .  TSRV simulation; K~ = 0. 
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Figure 10.- F l i g h t  path a t  A t l an t i c  Ci ty .  
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Figure 11 .- Lateral component of ILS-DME p o s i t i o n  estimate. TSRV f l i g h t  test. 
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